We present hydrodynamical simulations of major mergers of galaxies and study the effects of winds produced by active galactic nuclei (AGN) on interstellar gas in the AGN's host galaxy. We consider winds with initial velocities ∼ 10, 000 km s −1 and an initial momentum (energy) flux of ∼ τ w L/c (∼ 0.01 τ w L), with τ w ∼ 1 − 10. The AGN wind sweeps up and shock heats the surrounding interstellar gas, leading to a galaxyscale outflow with velocities ∼ 1000 km s −1 , peak mass outflow rates comparable to the star formation rate, and a total ejected gas mass ∼ 3 × 10 9 M . Large momentum fluxes, τ w 3, are required for the AGN-driven galactic outflow to suppress star formation and accretion in the black hole's host galaxy. Less powerful AGN winds (τ w 3) still produce a modest galaxy-scale outflow, but the outflow has little global effect on the ambient interstellar gas. We argue that this mechanism of AGN feedback can plausibly produce the high velocity outflows observed in post-starburst galaxies and the massive molecular and atomic outflows observed in local ultra-luminous infrared galaxies. Moreover, the outflows from local ultra-luminous infrared galaxies are inferred to have τ w ∼ 10, comparable to what we find is required for AGN winds to regulate the growth of black holes and set the M BH − σ relation. We conclude by discussing theoretical mechanisms that can lead to AGN wind mass-loading and momentum/energy fluxes large enough to have a significant impact on galaxy formation.
INTRODUCTION
Accretion onto a central massive black hole (BH) in a galactic nucleus produces energy in the form of radiation, relativistic jets, and wider angle (less-collimated) nonrelativistic (v ∼ 10 4 km s −1 ) outflows (Krolik 1999) . The coupling of this energy output to gas in galaxies and in the intergalactic medium is believed to play an important role in galaxy formation, potentially regulating the growth of massive galaxies and the thermal properties of the intracluster medium in galaxy groups and clusters (e.g., Silk & Rees 1998; Croton et al. 2006) .
The impact of this 'feedback' on the gas in galaxies is particularly uncertain, both because the interstellar (ISM) gas is denser, and thus more difficult to affect dynamically, and because much of the ISM subtends a relatively modest solid angle relative to a central active galactic nucleus (AGN). However, analytic estimates and numerical simulations have demonstrated that if a modest fraction of the energy produced by accretion onto a central BH can couple to the surrounding gas, it can unbind the interstellar gas (e.g., Silk & Rees 1998; Di Matteo et al. 2005) . The physical processes most likely to produce such an effect are winds (King 2003; King et al. 2011) , radiation pressure (Murray et al. 2005) , and/or Compton heating (Sazonov et al. 2004 ) from a central AGN. Understanding how this works in detail is one of the major challenges in our understanding of the connection between AGN physics and galaxy formation.
In this paper, we assess the influence of AGN winds on gas in the AGN's host galaxy using three-dimensional numerical simulations. Previous analytic work and one and two-dimensional simulations have demonstrated that AGN winds can in principle sweep up and drive gas out of galaxies, potentially explaining the MBH − σ relation and the dearth of gas and ongoing star formation in massive, early-type, galaxies (e.g., King 2005; King et al. 2011; Novak et al. 2011; Ostriker et al. 2010 and references therein).
Observationally, there is strong evidence that AGN indeed drive powerful outflows. Broad-absorption line (BAL) quasars, which show blue-shifted absorption lines in the restframe ultraviolet with inferred outflow velocities ∼ 10, 000− 40, 000 km s −1 , represent over ∼ 40% of quasars in infrared selected samples (Dai et al. 2008) . A similar fraction of radioquiet quasars show evidence for high velocity outflows in Xray absorption line spectroscopy (Tombesi et al. 2010) . It is likely that all quasars possess such outflows but that they are only observed when the system is viewed modestly edgeon (Murray et al. 1995) . However, determining the mass-loss rate from spatially unresolved absorption-line observations is notoriously difficult given uncertainties in the radius of the absorbing gas. In a handful of low-ionization BAL quasars (in particular, FeLoBALs) this degeneracy has been broken, suggesting mass loss rates significantly larger than the black hole accretion rate (Moe et al. 2009; Bautista et al. 2010 ; Dunn et al. 2010; Faucher-Giguere et al. 2011 ). These ob-servations trace absorbers at large distances from the BH (∼ kpc), in contrast to most of the high ionization UV and Xray absorption seen in BAL quasars, which arises at 1 pc. In addition to these well-characterized outflows, it is possible that quasars drive even more powerful outflows during phases of super-Eddington accretion (King & Pounds 2003; King et al. 2011) or during obscured phases when the AGN's radiation is trapped in the galactic nucleus, enhancing the force on the ambient gas (DeBuhr et al. 2010 (DeBuhr et al. , 2011 .
To characterize the impact of AGN winds on their host galaxy, we carry out numerical simulations of major galaxy mergers with models for BH growth and feedback. Although it is by no means certain that all quasars are associated with mergers, this provides a convenient and well-posed model in which to study gas inflow in galactic nuclei. It also allows us to readily compare our results to the extensive previous literature on AGN feedback during mergers.
In the next section ( §2) we summarize our methods, emphasizing our implementation of AGN winds and our treatment of ISM cooling. We then describe our key results in §3. We conclude in §4 by discussing the implications of our results for models of AGN feedback and for galactic winds driven by AGN. We also compare our results to observations of high-velocity outflows from post-starburst galaxies and ultra-luminous infrared galaxies and summarize the theoretical processes that can produce the large mass-loading and momentum fluxes we find are necessary for AGN winds to have a substantial impact on the surrounding ISM.
METHODOLOGY
We use a modified version of the TreeSPH code GADGET-2 (Springel 2005) to perform simulations of equal-mass galaxy mergers. This version of the code includes the effective star formation model of Springel & Hernquist (2003) (hereafter SH03) and the radiation pressure AGN feedback model of DeBuhr et al. (2011) (hereafter DQM) . As described below, we modified the code further to implement a model of feedback via AGN winds, and to implement a more physical model of how the interstellar gas cools.
Galaxy Models and Initial Conditions
We carry out simulations of major mergers of two equal mass galaxies. We simulate only a single galaxy mass and focus our resources on studying the effects of feedback via AGN winds produced at small radii. Each galaxy model has a rotationally supported disk of gas and stars and a stellar bulge, all embedded in a halo of dark matter. Both the stellar and gaseous disks have an exponential radial profile with a scale length of 3.51 kpc. The vertical profile of the stellar disk is that of an isothermal sheet with a scale height of 702 pc. The vertical structure of the gas disk is set by hydrostatic equilibrium. The halo and stellar bulge both have Hernquist (1990) profiles with a halo virial and half mass radius of 229 and 102 kpc, respectively (a concentration of 9.0) and with a bulge effective radius of 1.27 kpc. Each galaxy has a total dynamical mass of 1.94×10
12 M , a total disk mass of 7.96× 10 10 M and a bulge of mass 2.66 × 10 10 M ; 10% of the disk mass is gas. We have performed an additional simulation with a disk gas fraction of 30 %; this run gives qualitatively similar results and so is not discussed in detail. The black holes are modeled as additional collisionless particles with initial masses of 10 5 M . For our fiducial simulations, each galaxy is formed from 2.4×10 5 particles: the halo has 9×10 4 dark matter particles, the disk has 6×10 4 stellar particles and 6×10 4 gas particles, and the bulge has 3 × 10 4 stellar particles. The gravitational force softening length is = 70 pc for the disk and bulge particles and = 176 pc for the halo particles. We describe resolution tests in § 3.3.
For the merger simulations, the two equal mass galaxies are placed on a prograde orbit with an initial separation of 142.8 kpc and an initial velocity of each galaxy of 160 km s −1 directed at an angle of 28
• from the line connecting the galaxies. The corresponding orbital energy is approximately zero. The spin of the two galaxies are not aligned with the orbital angular momentum of the system; the relative angle between the spin directions is 41
• , with one galaxy's spin making an angle of 10
• degrees relative to the orbital angular momentum.
Black Hole Accretion
In this section we briefly review the sub-grid accretion model presented in detail in DQM. The sub-grid accretion rate on scales smaller than our resolution (both gravitational force softening and SPH smoothing) is estimated with a model motivated by the redistribution of angular momentum in the gas. For gas with a surface density Σ, a sound speed cs and a rotational angular frequency Ω, the mass accretion rate into the nuclear region is:
Here α is a free parameter of the model characterizing not only the efficiency of angular momentum transport, but also the amount of gas that turns into stars (on scales below our resolution) instead of falling into the black hole. Our fiducial values of α range from 0.05−0.15, motivated (at the order of magnitude level) by comparison to the simulations of gas inflow from ∼ 0.1 − 100 pc of . Over this range of α, there is little dependence of our simulation results on α (see DQM).
To perform the sub-grid estimate of the gas properties in equation (1), we take averages of the properties of the SPH particles inside a region of radius Racc ∼ 300 pc centered on the black hole. For reasons described in DQM we take this radius to be four times the gravitational force softening, , of the particles in the simulation.
The BHs in our simulation are modeled as specially marked collisionless particles. To minimize the unavoidable spurious stochastic motion of the BH particles due to gravitational interactions with the stellar and gas particles, we assign the BH particles a (fixed) tracer mass of 2 × 10 8 M , which is ∼ 10 2 -10 4 times more massive than the other particles in the simulation. During each simulation, we also compute separately the 'real' mass of the BH that grows according to the accretion rate at small radii (with an initial mass of 10 5 M ). Details of this step were given in § 2.3.2 of DQM.
Radiation Pressure Feedback
The luminosity of the black hole is taken to be a fraction, η = 0.1, of the rest mass energy of the accreted material:
The net accretion rateṀin onto the black hole need not equal the viscous inflow rateṀvisc at ∼ 100 pc in equation (1) if there are significant outflows on scales 100 pc (roughly our resolution); we return to this point in § 2.4. In the radiation pressure feedback model introduced in DQM, the accretion luminosity is coupled back into the surrounding gas by adding a total forcė
which is shared equally by all SPH particles inside Racc. The added force is directed radially away from the BH particle.
Here τ is a free parameter of the model, representing the optical depth to infrared (IR) radiation in the nuclear region. Our fiducial choice for τ in this work is 20. DQM showed that τ ∼ 20 was required to reproduce the observed normalization of the MBH − σ correlation in their simulations.
AGN Wind Feedback
In addition to the radiation pressure feedback described by equation (3), accretion onto the black hole can explicitly drive a wind at radii well beneath our resolution. Our treatment of such a wind is motivated in particular by observations of BAL quasars, which have ∼ 10, 000 km s −1 outflows launched from near the broad line region at ∼ 0.1 pc (e.g., Murray et al. 1995 ). In our model, the AGN winds at small radii carry a momentum flux given bẏ
where τw is a further parameter of the model representing the total momentum flux in the wind. The wind is launched at a fixed speed vw. Thus, the rate at which mass is added to the wind is given bẏ
where we have linked the luminosity of the black hole to the accretion rate as in equation (2). In the presence of significant AGN winds, not all of the material entering the nuclear region,Ṁvisc, actually reaches the black hole. Instead, the net accretion rate into the black hole,Ṁin, must be reduced by the mass of the outflow (see Ostriker et al. 2010) : Min =Ṁvisc −Ṁw, which implies that the true black hole accretion rate is given bẏ
Note that equation (6), not equation (1), determines the AGN luminosity and thus the magnitude of the feedback in equations (3) and (4). To deposit the wind momentum, we give kicks to particles inside Racc. Particles receiving a kick are selected stochastically with each particle having an equal probability of being added to the wind. The probability of a kick is chosen to ensure that the time average of the mass kicked in a given timestep ∆t is given byṀw∆t. The kick is implemented by adding a velocity vw to the current velocity of each selected particle. The direction of this imparted velocity is chosen to be more heavily weighted toward the surrounding disk: if θ is the angle between the imparted momentum and the disk normal, the probability distribution over x = cos θ is given by p(x) = 3(1 − x 2 )/4. For this purpose, the disk normal is defined to be the direction of the total orbital angular momentum about the black hole of all the gas particles inside Racc. This modest equatorial bias in the wind direction is motivated by models of BAL quasars (Murray et al. 1995) . Nonetheless, this choice is not that critical: the efficacy of the feedback is largely determined by the outflow momentum/energy flux that is directed within the solid angle subtended by the surrounding ISM. For our fiducial model, ∼ 40% of the momentum flux is directed within one scale-height of the disk at ∼ 100 pc. Models with isotropic kicks require slightly large values of τw to give results similar to our fiducial model because less of the feedback is directed towards the surrounding ISM.
Despite the similarity between equations (3) and (4), our two feedback processes affect the gas particles within Racc in different ways. In the case of our simple radiation pressure model, all gas particles within Racc receive an additional acceleration set by equation (3) and are pushed outward from the BH. As shown in DQM, this feedback process evacuates the central gas reservoir and lowers the BH accretion rate and the final BH mass, but the velocities of the gas particles are not so large as to produce significant large-scale galactic outflows. In our AGN wind model, by contrast, a small fraction ( < ∼ 5%) of gas particles within Racc receives an instantaneous large wind velocity of 3000 to 10, 000 km s −1 . These particles leave Racc within < ∼ 10 5 years and, as we show below, can drive a galaxy-scale outflow via their interaction with the ambient ISM.
Our implementation of wind feedback adds two additional input parameters to the simulation. The first, vw, describes the launch speed of the winds while the second, τw, describes the total momentum flux in the wind. Our default wind speed is motivated in part by observations of BAL quasars and theoretical models of the origin of such winds via line driving in the accretion disk at ∼ 0.1 pc (though our model should not be taken as a literal implementation of this physics). Observed wind velocities are ∼ 10, 000 km s −1 . Models of line driving lead to momentum fluxes in the wind of L/c, i.e., τw 1 because the lines do not typically completely cover the continuum (Murray et al. 1995) . As we show below, however, larger values of τw are required for AGN outflows to have a significant effect on the gas dynamics and star formation history in galactic nuclei.
Observationally, momentum fluxes are difficult to infer in most cases because of ambiguities in the absolute density/radial scale at which the absorption occurs. In a handful of low-ionization BALs (in particular, FeLoBALs), this degeneracy has been broken, implying momentum fluxes ∼ 0.3 − 5L/c, i.e., τw ∼ 0.3 − 5 (with significant uncertainties; see Moe et al. 2009; Bautista et al. 2010; Dunn et al. 2010; Faucher-Giguere et al. 2011) . It remains uncertain whether these values of τw are representative of the entire BAL-quasar population. We take τw 5 as our fiducial value but also explore the range 1 ≤ τw ≤ 10. Our fiducial value of τw = 5 was chosen for three reasons that will become clear later in the paper: (1) the AGN wind then leads to a galaxy-scale outflow that significantly influences the surrounding ISM dynamics, (2) the final BH mass in the simulations is reasonably consistent with the observed MBH − σ relation for τw 5 − 10. (3) Observations of high speed atomic and molecular outflows in local ULIRGs suggest τw ∼ 10 (Feruglio et al. 2010; Chung et al. 2011; Rupke & Veilleux 2011; Sturm et al. 2011) . We discuss physical mechanisms that can produce such powerful AGN winds in §4.
ISM Model and Gas Cooling
In the subgrid ISM model of SH03, gas with densities above the star formation threshold approaches an effective thermal energy, u ef f , set by a balance between cooling and the feedback from star formation. If processes such as shocks or adiabatic expansion/compression cause the internal energy to deviate from u ef f , the differences decay on the timescale given by eq. (12) of SH03. This decay timescale is set by the subgrid model rather than the true cooling time of the gas.
One consequence of SH03's ISM model is that sufficiently dense shock heated gas does not cool on its cooling timescale. In this paper we show that AGN winds can shock heat gas in the ISM to above the escape speed -this contributes to driving a galactic wind. To ensure that the cooling of the shock heated gas is correct, we modified the ISM model of SH03 to better match the expected cooling rate for gas with roughly a solar metallicity. To compute the local cooling rate we use a fit to Sutherland & Dopita (1993) for gas with solar metallicity. The fit is essentially eq. (12) of Sharma et al. (2010) but with the cooling rate increased by a factor of two when the temperature is between ∼ 3×10 4 K and 3 × 10 7 K (to account for solar metallicity). From this cooling rate we compute a cooling time, t cool ; differences between the thermal energy and the subgrid u ef f decay on t relax = t cool . For most of the relevant range of temperature and density in our simulations, this cooling time is shorter than the relaxation time of SH03.
In addition to the above modification to the cooling rate, we also consider the role of inverse Compton cooling/heating. To do so, we modify the cooling/relaxation timescale of the gas to be
where the (non-relativistic) Compton time is given by
with R the distance to the BH and L the associated AGN luminosity. We do not consider any radiative transfer effects in this paper, which in reality can modify both the luminosity L seen at a given radius and the local Compton temperature at a given radius. Instead, we take the Compton temperature to be that appropriate for the mean spectrum of luminous AGN, including the effects of obscuration: TC 2 × 10 7 K (Sazonov et al. 2004 ).
In the limit that the Compton timescale is short compared to the two-body cooling time, we no longer relax the thermal energy of the gas to the effective equation of state value for the energy, u ef f , but rather to uC = 3/2kTC . To transition between these two limits, we in general let the thermal energy of gas relax to:
For dense gas, atomic cooling dominates and the gas rather quickly approaches the sound speed associated with the effective equation of state. For gas densities characteristic of the ISM in the central kpc of our model galaxies (∼ 10 − 10 3 cm −3 ) the sound speeds are ∼ 40 km s −1 and thus the gas is primarily rotationally supported rather than pressure supported. This justifies our use of the viscous accretion rate in equation 1. Table 1 lists the parameters of the galaxy merger simulations presented in this work. We consider a single galaxy mass and merger orbit (see § 2.1), and explore the effects of including AGN wind feedback, both with and without radiation pressure. For the AGN winds, we vary both the total momentum flux in the wind (τw) and the wind speed vw, with fiducial values of τw = 5 and vw = 10, 000 km s −1 . In varying the AGN wind parameters, we are not guaranteed that the resulting BH mass will be consistent with the MBH − σ relation. In such cases, the effects of the AGN wind might not be realistic because of the unphysical BH mass. To quantify this, we present results with and without the radiation pressure feedback model explored in DQM. Our simple model of radiation pressure feedback produces model galaxies roughly on the observed MBH − σ correlation for τ ∼ 20, the value used here (DQM). For the present purposes these calculations are useful primarily because they allow us to study the effects of AGN wind feedback for systems in which the BH is guaranteed to be approximately on the MBH − σ relation. We also separately carry out simulations with wind feedback alone.
RESULTS

Effects of AGN Winds
3.1.1 Black hole accretion and star formation rates Figure 1 shows the net accretion rate into the black hole, Min, and the star formation rate,Ṁ * , as a function of time (summed over both galaxies) for three different simulations: the fiducial simulation (black curve) with radiation pressure (τ = 20) and AGN wind feedback (τw = 5 and vw = 10, 000 km s −1 ), a run identical to the fiducial run but without the wind feedback (gray), and a run with both wind and radiation pressure feedback that includes Compton heating/cooling in the thermodynamics of the gas (blue). We first describe the effects of the AGN wind and later return to the role of Compton heating/cooling.
The inclusion of the wind feedback has little effect on either the accretion or star formation rate before the final coalescence of the two galaxies at t ∼ 1.7 Gyr. This is a priori surprising because equation (6) implies that for a given set of conditions at large radii (that determinesṀvisc) the BH accretion rate at small radii is a factor of 1 + τwηc/vw = 16 smaller for the simulation with AGN winds than for the run with just radiation pressure. After a small number of time steps, however, the feedback due to radiation pressure is so Model parameters and key quantities in our galaxy merger simulations. The top section lists runs with only the AGN wind feedback model (parametrized by the wind speed vw and momentum flux τw). The bottom section lists runs with both the AGN wind model and the radiation pressure model with τ = 20. ISM model refers to one of four following options: (a) our fiducial cooling model (see §2.5), (b) same as (a) but including Compton heating with T C = 2 × 10 7 K, (b * ) same as (a) but including Compton heating with T C = 10 6 K, (c) same as in SH03, and (d) the gas returns to the effective EOS of SH03 instantaneously. Other columns list the key properties of the black holes, stars, and gas in the simulations: M BH,f is the final black hole mass, M * ,f is the total mass of new stars formed by the end of the simulation, M * ,p is the total mass of new stars formed after the peak of star formation, f disk is the fraction of the gas mass within 3 kpc of the BH at the end of the simulation, fout is the fraction of the gas mass at large distances ( 10 kpc) above the orbital plane at the end of the simulation, and Mout is the corresponding gas mass. f disk is a proxy for how much gas remains in the galaxy at late times while fout is a proxy for the fraction of the gas that is in the outflow at late times; both f disk and fout are normalized to the initial total gas mass of 1.59 × 10 10 M .
effective in all of the simulations in Figure 1 that the physical conditions at small radii quickly adjust so that there is a balance between radiation pressure and gravity. This sets the BH accretion rateṀin to be ∼ fgσ 4 /(τ ηcG) (DeBuhr et al. 2010) independent of the presence of the AGN wind removing mass from the nuclear region (where fg and σ are the gas fraction and velocity dispersion at small radii, respectively).
Although the AGN wind feedback has little effect on the early time star formation and BH accretion, Figure 1 shows that after final coalescence both the BH accretion rate and the star formation rate decrease significantly more rapidly with the inclusion of the AGN wind. The effects of the BHs feedback are maximized at and after final coalescence because this is when the BH reaches its final mass (to within a factor of a few) and when the BH accretion rate is largest. Thus, the dynamics at and after final coalescence is the most sensitive to the details of the feedback physics.
To assess why the late-time accretion and star formation are suppressed by the inclusion of the AGN wind, Figure 2 shows the gas mass fraction (normalized to the gas mass at the start of the simulation) within 3 kpc of the BH as a function of time, for the same three simulations as in Figure 1 .
1 Tidal interactions drive gas into the center of the two galaxies (or the merged remnant) after the first close passage (t ∼ 0.5 Gyr) and at final coalescence (t ∼ 1.7 Gyr), maintaining a large nuclear gas fraction in spite of the intense star formation. The resulting increase in the BH accretion rate (seen also in Fig. 1 ) significantly increases the strength of the AGN feedback. In the simulation including AGN winds, this feedback efficiently removes material from the central regions of the galaxy, reducing the amount of gas inside the central 3 kpc of the merged system by a factor of ∼ 10 relative to the simulation without explicit AGN winds. Figure 3 shows images of the projected gas density for the fiducial simulation (left) and the corresponding simulation without the AGN wind (right) at t = 1.71 Gyr, shortly after final coalescence. The images are 280 kpc on a side and show a roughly edge-on view of the orbital plane of the two galaxies. While there is material at large distances in the simulation without the AGN wind, these features are the tidal tails generated during the merger and most of this * M in The fraction of the total gas mass inside a sphere of radius 3 kpc (relative to the total initial gas mass) centered on the black hole for the same three runs shown in Fig. 1 . When the AGN wind model is included, the central material is rapidly ejected after final coalescence (t ∼ 1.7 Gyr).
material is near the orbital plane. Thus our simple implementation of radiation pressure feedback is not efficient at unbinding gas from the galaxy, though it is very effective at regulating the growth of the BH itself (DQM). By contrast, in the simulation with the AGN wind, Figure 3 (left panel) shows that there is significantly more material blown out of the galaxy, especially in the directions perpendicular to the orbital plane. Quantitatively, at the end of the simulation the mass of gas at large distances (|z| > 10 kpc) from the orbital plane is 3 × 10 9 M in the simulation including the AGN wind, about 20 times larger than in the simulation with only radiation pressure feedback (see Table 1 and Figure 3 . The projected gas density for the fiducial simulation (left) and the run without AGN wind feedback (right) at a time just after the final merger (t = 1.71 Gyr). Brighter color corresponds to higher density. The images are edge-on to the plane of the orbit and the box size is 280 kpc. While both simulations have material at large distance in tidal tails, there is significantly more material out of the orbital plane with AGN wind feedback. These images were generated using SPLASH (Price 2007 ). . Effects of AGN winds on the distribution of radial velocities of the gas particles (relative to the black hole) at the end of the simulation. Few gas particles have velocities greater than ∼ 200 km s −1 in the run with only radiation pressure (run 'po'; grey). By contrast, in the fiducial simulation with the AGN wind, a significant fraction of the particles have velocities above a few 100 km s −1 . About 25% of these outflowing particles were explicitly added to the wind and kicked with an initial wind velocity of 10,000 km s −1 (blue), while the rest were not explicitly added to the wind (black) initially but were accelerated due to hydrodynamic interactions with the 'kicked' high-speed particles. Fig. 6 below) . A corollary of this efficient removal of gas by the AGN wind is that the total stellar mass formed during the simulation is ∼ 20% smaller in the case with the AGN wind; most of this suppression in star formation happens at late times, after the final coalescence of the two galaxies (see Fig. 1 ).
Impact on the ISM
The evacuation of the central part of the galaxy by the AGN wind would not be surprising if the majority of the material ejected was explicitly added to the wind by our deposition of momentum (i.e., if the unbound mass was primarily material that was explicitly 'kicked'). We find that this is not the case. At the end of the fiducial simulation (t = 2.85 Gyr), of Figure 5 . Effects of AGN winds on the mass weighted distribution of gas temperatures. The same two simulations as in Fig. 4 are shown at two times: near the peak of accretion at 1.71 Gyr (top), and at the end of the simulation at 2.85 Gyr (bottom). The temperature distributions are normalized to have a unit area. The excess of gas at high temperatures near the peak of BH accretion (top) in the case with wind feedback is due to the shock heating of the ISM gas.
the 33,028 gas particles at large transverse position (|z| > 10 kpc), only 8,904 of the particles have been explicitly kicked. The other 72% (82% by mass) have been ejected because of hydrodynamic interactions with wind material. In addition, at any time only a small fraction ∼ 5% of the gas inside Racc (the accretion/feedback region) has been explicitly added to the wind. These results demonstrate that the majority of the galactic outflow arises self-consistently due to the interaction between the AGN wind that we initialize and the surrounding ISM. Figure 4 illustrates this point in a different way: here we show the radial velocities (relative to the BH) of the gas particles at the end of the simulation, without (gray) and with (black and blue) wind feedback. Those particles that have not been explicitly kicked and added to the wind are shown in black while those that have been explicitly kicked are shown in blue. In the case with the AGN wind, there is a significant fraction of the gas with velocities ∼ 300 − 1000 km s −1 , larger than any of the gas in the simulation without the wind feedback (gray). Moreover, the outflow velocities are similar for particles that have, and have not, been explicitly kicked. The particles that are explicitly kicked receive initial impulses of vw = 10, 000 km s −1 and yet have final speeds of a few thousand km s −1 . This result indicates that the wind we initialize sweeps up a significant amount of material in the ISM of the surrounding galaxy, driving additional gas out of the galaxy at high velocities ∼ 300 − 1000 km s −1 . Figure 5 shows the mass weighted temperature distribution (normalized to the total gas mass) near the peak of accretion (t = 1.71 Gyr; top) and at the end of the simulation (t = 2.85 Gyr; bottom) for the run with AGN wind feedback (black) and without (gray). The presence of the AGN wind leads to a significant amount of mass heated to above ∼ 10 7 K when the BH is near its peak accretion rate (top panel in Fig. 5 ). This is due to gas that has been shock heated by the AGN wind. Much of this shock heated gas is ultimately able to escape the host galaxy -this gas expands outwards and cools adiabatically, leading to the large excess of ∼ 10 5−6 K gas at the end of the simulation with the AGN wind (bottom).
In our calculations that include a simple treatment of inverse Compton scattering off of the AGN's radiation field, we take the Compton temperature to be TC = 2×10 7 K, the average observed value (Sazonov et al. 2004) . This is similar to the peak in the temperature distribution we find in simulations without Compton scattering (top panel of Fig. 5 ). As a result Compton scattering mildly suppresses the high temperature tail of the gas shock heated by the AGN wind. This in turn suppresses the amount of mass blown out of the inner regions of the galaxy at late times (see Fig. 2 ). Nonetheless, there is still a factor of ∼ 3 − 10 times less gas in the inner 3 kpc in the simulation with the AGN wind and Compton cooling relative to the simulation without the AGN wind. In addition, the star formation rate and BH accretion rate are significantly lower at late times even when Compton cooling is taken into account (Fig. 1) .
Dependence on Feedback Model Parameters
In the previous section we demonstrated that an AGN wind generated at small radii can produce a galaxy-wide outflow that unbinds several 10 9 M of gas and suppresses star formation in its host galaxy. In this section we explore in more detail how this phenomenon depends on the properties of the AGN wind.
To quantify the effects of the AGN wind, we calculate the following quantities in all of our simulations and list the results in Table 1: (1) the final BH mass M BH,f , (2) the total mass of new stars formed by the end of the simulation, M * ,f , (3) the total mass of new stars formed after the peak of star formation, 2 M * ,p, (4) the fraction of the gas mass within 3 kpc of the BH at the end of the simulation, f disk = M g,r<3kpc /Mg,tot, and (5) the fraction of the gas mass at large distances ( 10 kpc) above the orbital plane at the end of the simulation, fout = M g,|z|>10kpc /Mg,tot. The fractions f disk and fout are both normalized to the initial total gas mass of 1.59 × 10 10 M (from both galaxies); f disk is a proxy for how much gas remains in the galaxy while fout is a proxy for the fraction of the gas that is in the outflow at late times. Table 1 also quotes Mout, the absolute mass in the outflow at the end of the simulation. Figure 6 compares these key quantities for simulations utilizing only the AGN wind feedback model (triangles) and for simulations with both radiation pressure and AGN wind (crosses). For comparison, we also show the results of the simulation with only radiation pressure feedback, taking τ = 20 (dotted lines). In the left set of panels, we fix τw = 5 and vary the wind speed from 3, 000−10, 000 km s −1 . In the right set of panels, we fix vw = 10, 000 km s −1 and vary τw from 1 − 10. Figure 6 (left panel) shows that the final BH mass is relatively independent of the speed of the AGN wind for a given value of τw. By contrast, for simulations with the AGN wind model alone, the right panel shows that the final BH mass decreases by a factor of ∼ 10 as τw increases from 1 − 10.
3 This is consistent with the analytic results of King (2003) and Murray et al. (2005) , and the numerical results of DQM, in which the final BH mass decreases linearly with the total momentum supplied by the AGN, be it in the form of a wind or radiation. In particular, when the accretion rate is Eddington limited, the net force associated with the feedback is ∝ τwL edd ∝ τwMBH (eq. 4). Thus the BH mass at which feedback is able to overcome the gravity of the gas in the galactic nuclei scales as MBH ∝ τ −1 w . Although the BH mass is only a weak function of vw at fixed τw, the properties of the gas at the end of the simulation depend strongly on vw (bottom, left panels in Fig. 6 ). Specifically, a larger wind speed vw at fixed τw leads to more efficient blow out of gas from the galaxy at late times (smaller f disk and larger fout). For a given value of τw, the momentum flux in the outflow (ṗw = τwL/c; eq. 4) is independent of vw. By contrast, the energy flux in the outflow (Ėw =ṗwvw) increases for a larger wind speed. Thus a larger wind speed leads to more efficient shock heating of the gas in the galactic nucleus. A larger value of τw has a similar effect, increasing both the momentum and energy fluxes in the wind, and producing a more powerful galaxy-scale outflow (bottom, right panels in Fig. 6) .
Overall, then, the galaxy-wide outflow is a consequence of both the wind launched from small radii sweeping up and driving out ambient gas and the wind generating a shock that heats and unbinds ambient gas. This is why the gas content in the outflow -as measured by fout in Figure 6 -increases with both increasing vw and increasing τw. In general the simulations with AGN wind feedback alone have somewhat higher outflow rates than the simulations with AGN winds and radiation pressure. The reason is that the feedback is then provided entirely by the wind, enabling it to be more effective and unbind a larger amount of gas.
The mass of new stars formed in our simulations decreases for larger vw and/or τw (top panels in Fig. 6 ). This is a simple consequence of the galaxy-scale outflow being more powerful for larger vw and/or τw. The net effect of the outflow on the stellar mass formed in the simulation is, however, relatively modest (typically ∼ 10−20%). The AGN wind's most prominent effect on the star formation history is that it can suppress the late-time star formation, as highlighted in Figure 1 . It is also important to note, however, that the outflow does not always have this effect. For ex-ample, the top left panel of Figure 6 shows that simulations with outflows having τw = 5 and vw = 3000 km s −1 form a very similar amount of new stars (both in total and after the peak of star formation) to simulations with the radiation pressure feedback model alone. This is consistent with the fact that for these parameters, the outflow does not appreciably change the gas content in the galactic disk (f disk in Fig. 6 ), although it does unbind a modest amount of additional gas ∼ 3 × 10 8 M (see fout in Fig. 6 and Mout in Table 1 ).
Numerical Tests
We argued in §3.1 and 3.2 that the galactic outflow seen in our simulations is a consequence of both the AGN wind sweeping up ambient gas (momentum conservation) and the AGN wind shock heating ambient gas and unbinding it (energy conservation). The former mechanism does not depend sensitively on the thermodynamics of the gas, while the latter does. As described in §2.5 we modified the ISM equation of state of SH03 in order to include two-body cooling at solar metallicity; we also included a simple treatment of inverse Compton scattering off of the AGN's radiation field in some of our simulations (see Fig. 1 ).
To further assess the sensitivity of our results to the thermodynamics of the gas, we carried out a number of additional tests. In particular, two extremes are to use the SH03 model as is (in which gas that deviates from the equilibrium equation of state relaxes back on a timescale different from, and typically longer than, the true cooling time), or to force gas to return to the effective equation of state of SH03 instantaneously (thus removing the possibility of strong shock heating unbinding gas). The results of these calculations with our standard AGN wind parameters are given in Table 1, labeled wpsh and wpinst, respectively. In both cases, the AGN wind drives a galaxy-scale outflow with an ejected mass ∼ 3 × 10 9 M , very similar to our fiducial simulation. However, these 'extreme' ISM models have effects that are not surprising: SH03's equation of state (in which the gas effectively cools more slowly) is more effective at suppressing star formation and clearing gas out of the nucleus (wpsh), while the simulation with instantaneous cooling (wpinst) retains a larger nuclear gas disk at the end. Overall, however, these differences are modest -they are smaller, e.g., than the uncertainties introduced by the relatively poor current constraints on the total momentum/energy flux in AGN winds (τw). This test demonstrates that our treatment of the ISM thermodynamics is probably sufficiently accurate to assess the impact of AGN winds at the order of magnitude level. However, future calculations that incorporate a more realistic multi-phase, turbulent ISM (e.g., Hopkins et al. 2011) will be very valuable.
Recently, Durier & Dalla Vecchia (2011) showed that after injection of energy, either thermally or kinetically, inaccuracies can arise in the subsequent evolution of the SPH particles when each is assigned a separate timestep, as occurs in GADGET. To ascertain if our feedback is subject to the innacuracies they report, we reran the fiducial simulation with an implementation of their timestep limiter. All of our key qualitative conclusions are unchanged, though there is a modest (∼ 30 %) change in the post merger star formation and disk fraction (f disk ). Table 1 for more details. These results quantify describe how the properties of the galaxy merger remnant at the end of the simulation depend on the parameters characterizing the AGN wind at small radii. In each panel, the triangles label the runs with only the AGN wind feedback, the crosses label the runs with both AGN wind and radiation pressure feedback, and the dashed line is for the simulation with only radiation pressure feedback. The four rows (from top to down) show: the mass M * ,p of new stars formed after the peak of star formation during the simulation; the final black hole mass M BH,f ; the mass fraction f disk of gas at the end of the simulation within 3 kpc of the black hole, and the gas mass fraction fout at the end of the simulation that is at large distances from the orbital plane: |z| > 10 kpc . Both f disk and fout are normalized to the total initial gas mass in the system. Figure 7 shows the radial velocities of the SPH particles (relative to the BH) at the end of the simulation for three runs that differ only in the mass resolution with 1.6, 4.8, and 16.0 ×10 5 particles, respectively. For the two higher resolution simulations, the distributions are quite similar for the bulk of the disk (v ∼ 0) and outflow (v ∼ 500−1000 km s −1 ), though the high velocity tails differ somewhat. Table 2 compares the integrated quantities shown in Figure 6 . The biggest difference is that the highest resolution simulation retains more mass in a nuclear disk at late times. However, the mass in the outflow and the fraction of the mass in the outflow at late times are reasonably converged. The total mass of new stars formed and the final BH mass also do not change appreciably with resolution. We conclude that the effects of this model are reasonably well resolved at the fiducial resolution employed. Figure 7 . The distribution of radial velocities relative to the black hole for the gas particles in the fiducial simulation (black), the simulation at lower resolution (red) and the simulation at higher resolution (blue). Simulation properties are the same as those of the fiducial simulation in Table 1 . The three simulations differ only in the mass resolution, with a total of 1.6 × 10 5 (low), 4.8 × 10 5 (fid), and 1.6 × 10 6 (high) particles.
DISCUSSION AND CONCLUSIONS
We have carried out three-dimensional SPH simulations of the interaction between a high-speed outflow produced by an AGN and interstellar gas in the AGN's host galaxy. We show that this interaction can drive a large-scale galactic outflow that in some cases unbinds a significant fraction of the ISM of the host galaxy (see, e.g., King 2005 for closely related arguments). The AGN-driven galactic winds found here provide a possible explanation for the high velocity outflows observed in some post-starburst galaxies (Tremonti et al. 2007 ) and for the massive atomic and molecular outflows with v ∼ 1, 000 km s −1 seen in local ultra-luminous infrared galaxies (ULIRGs) (Feruglio et al. 2010; Chung et al. 2011; Rupke & Veilleux 2011; Sturm et al. 2011) . We return to this below. Our specific calculations assume that AGN activity is triggered by major mergers of galaxies (as seen, for example, by Koss et al. (2010) ), but we suspect that the results presented here are much more general and apply relatively independent of the physical mechanism(s) that drive gas into the central ∼ 100 pc of galaxies. The physically-motivated model utilized here for AGN wind feedback is easy to implement ( §2.4) and could readily be applied in other contexts, including high resolution simulations of galactic nuclei and cosmological simulations of BH growth and evolution.
Our results provide a quantitative mapping between the properties of an AGN wind in the vicinity of the BH and the resulting large-scale galaxy-wide outflow (Table  1 and Fig. 6 ). We have parametrized the AGN wind at small radii in terms of its speed vw and momentum fluẋ pw = τwL/c -the corresponding energy flux in the wind iṡ Ew = 0.5ṗw vw = 0.5 τw(vw/c) L.
We find that an AGN wind with vw ∼ 10, 000 km s −1 -typical of, e.g., broad-absorption line quasars -produces a galactic outflow with velocities ∼ 1, 000 km s −1 . This reduction in velocity is a consequence of the AGN wind sweeping up and driving out ∼ 5 − 10 times as much mass as was in the wind initially (e.g., Fig. 4) . Quantitatively, we find that the AGN-driven galactic outflow unbinds ∼ 1−5×10 9 M of gas, ∼ 10 − 40% of the initial gas in the two merging galaxies (which are Milky Way-like spirals in our calculations). This is true for a wide range of outflow models, covering τw ∼ 1 − 10, vw ∼ 7, 000 − 10, 000 km s −1 , and with and without the radiation pressure feedback model from DeBuhr et al. (2010 DeBuhr et al. ( , 2011 . Not surprisingly, AGN winds with larger momentum and energy fluxes (larger τw and vw) are more effective at driving galaxy-scale outflows (Fig. 6) .
The mass outflow rate from the vicinity of the galaxy is somewhat noisy and thus difficult to directly measure in the simulations. The average outflow rate relative to the star formation rate can, however, be readily estimated by comparing the total unbound mass (Mout in Table 1 ) with the mass in new stars formed in the simulation (M * ,f and M * ,p in Table 1 , where M * ,f is the total mass of new stars formed and M * ,p is the mass of new stars formed after the peak of star formation). This comparison implies that the average mass outflow rate is typically comparable to the star formation rate; after the peak of star formation in the merger, which is when the BH reaches its final mass, the average outflow rate often exceeds the corresponding star formation rate by factors of a few.
Physically, we find that the properties of the galaxywide outflow are determined by both the momentum and energy fluxes in the AGN wind at small radii. A larger momentum flux implies that more mass can be swept out of the galaxy while a larger energy flux in the wind (e.g., larger vw at fixedṗw) leads to more shock heating of the ambient ISM. This shocked gas partially cools but retains enough thermal energy to contribute to driving the galaxy-wide outflow. For quantitatively accurate results we find that it is necessary to modify the Springel & Hernquist (2003) equation of state to properly include metal-line cooling and Compton heating/cooling as processes by which gas relaxes back to the effective equation of state that is used to calculate the ISM pressure (see §2.5).
To produce a galaxy at the end of the simulation that is on the MBH − σ relation using only feedback by our AGN wind model, we require τw 5 − 10 (see Table 1 and Fig. 6 ; the velocity dispersion of the remnant galaxy is 170 km s −1 so that MBH 7 × 10 7 M for galaxies on the mean MBH − σ relation). This required momentum flux is comparable to, although somewhat smaller than, the required momentum flux ofṗ ∼ 20 L/c that DQM found using a simple model of radiation pressure feedback in which all particles in the vicinity of the BH feel a force ∝ τ L/c. The energy flux corresponding to τw ∼ 5 − 10 and vw ∼ 10, 000 km s −1 isĖ ∼ 0.1 L, similar to the energy injection rate of ∼ 0.05 L that Di Matteo et al. (2005) found was required to reproduce the MBH − σ relation (although they deposited thermal energy into ambient gas while we supply kinetic energy to a wind).
One important distinction that we find is between AGN driving galactic outflows and AGN outflows regulating the growth of the BH. For example, in our models with τw = 1 and vw = 10, 000 km s −1 , the final BH mass is a factor of ∼ 10 above the mean MBH − σ relation in calculations that only include AGN wind feedback. Also including the simple radiation pressure feedback model from DQM in the simulation resolves this discrepancy; the same AGN wind model then unbinds ∼ 10 9 M of gas, ∼ 10% of the initial gas mass in the system. However, in spite of this outflow, the AGN wind neither regulates the BH growth nor has a significant effect on the average star formation in the system. This demonstrates that very powerful AGN outflows with τw ∼ 3 − 10 are required for the BH to have a substantial effect on either its own accretion history or the star formation in the surrounding galaxy. This conclusion is similar to that of Silk & Nusser (2010) , who required a comparable momentum to eject gas from their model galaxies, and to that of Kaviraj et al. (2011) , who found that simple models for the color evolution of early type galaxies required feedback similar in strength (Ė of a few percent) and duration (∼ 200 Myr) to what we find here.
The galactic outflows found in our simulations with vw ∼ 10, 000 km s −1 and τw 3 have properties broadly similar to those observed in some massive post-starburst galaxies (Tremonti et al. 2007 ) and in local ULIRGs (Feruglio et al. 2010; Chung et al. 2011; Rupke & Veilleux 2011; Sturm et al. 2011) . Moreover, it is striking that Sturm et al. (2011) inferredṗw ∼ 10 L/c, i.e., τw ∼ 10, for the molecular outflows in local ULIRGs (these values are uncertain at the factor of ∼ 3 level; see, e.g., Sturm et al. 2011 for more details). This is comparable to the outflow momentum flux we find is required to both suppress late time star formation during galaxy mergers and produce remnants approximately on the observed MBH − σ relation. This correspondence is encouraging, though it does not directly address the question of what mechanism powers such outflows in the first place. The relative role of star formation and AGN in powering the ∼ 1000 km s −1 molecular outflows is also unclear, with Sturm et al. (2011) presenting evidence from OH observations in favor of AGN, while Chung et al. (2011) argue that star-formation is the dominant power source based on their CO observations. In addition, in some samples of poststarburst galaxies, the observed outflows appear consistent with those driven by star formation (Coil et al. 2011) .
From the theoretical perspective, the biggest uncertainty in applying our results is the uncertainty in the absolute momentum/energy flux in AGN outflows at small radii. This uncertainty remains even for the most wellcharacterized outflows, those of broad-absorption line (BAL) quasars. In theoretical models in which BAL outflows are produced by radiation pressure on lines in the vicinity of the broad-line region, the predicted momentum flux is typically L/c, i.e., τw 1 (Murray et al. 1995) . This follows from the fact that (observationally) the lines do not cover the entire continuum and thus cannot absorb the entire continuum momentum flux. This constraint is less clear for low-ionization BALs (in which the lines cover more of the continuum), but probably remains reasonably accurate. One way out of this conclusion is if magnetic fields contribute to accelerating BAL outflows (as in, e.g., Proga 2003) since this can increase both the mass flux and terminal velocity of the outflow. There are observational estimates that the momentum flux in some low-ionization BAL outflows may indeed be L/c (Moe et al. 2009; Bautista et al. 2010; Dunn et al. 2010) , though these are difficult observations to interpret and they have complicated selection effects.
In addition to line-driven winds, it is possible that even more powerful outflows are driven during evolutionary phases distinct from optically bright quasars. The two most promising from our point of view are: (1) outflows driven by radiation pressure on dust during phases when the ISM around the AGN is optically thick to far-infrared radiation (Murray et al. 2005; DeBuhr et al. 2010) . In this case the momentum flux in a small-scale AGN wind can in principle reach ∼ τ L/c, where τ is the infrared optical depth of the galactic nucleus. Such an outflow is not directly seen in DQM's simple implementation of radiation pressure feedback. However, this could easily be a limitation of the lack of a proper treatment of the infrared radiative transfer. Indeed, we expect that radiation pressure will inevitably drive a high-speed outflow off of the nuclear disk ('torus') at ∼ 1 − 10 pc. (2) An additional source of powerful high-speed outflows can be produced if the fueling rate of the central AGN significantly exceeds Eddington (e.g., King 2003) . In this case, the accretion disk becomes radiatively inefficient and much of the nominally inflowing mass is likely unbound (e.g., Blandford & Begelman 1999) . The disparity in spatial scales between the horizon and where the AGN accretion rate is set (∼ 1 − 10 pc; e.g., implies that it is very likely that there is a phase of super-Eddington fueling. The critical question is whether this phase lasts long enough to dominate the integrated properties of a black hole's outflow.
All of the calculations presented in this paper utilize the effective equation of state model of Springel & Hernquist (2003) (modified as in §2.5) to pressurize the ISM and prevent runaway gravitational fragmentation. This is a very simplistic treatment of ISM physics and in the future it is important to study the interaction between a central AGN and the surrounding ISM using more realistic models that approximate the turbulent, multi-phase structure of the ISM (e.g., Dobbs et al. 2011; Hopkins et al. 2011) . 
